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Physical properties and
tillage of Paleudults

in the southeastern
Coastal Plains

R. B. CAMPBELL, D. C. REICOSKY, and C. W. DOTY

ABSTRACT—Physical properties of some soils of the southeastern Coastal
Plains restrict deep plant root development. Soil physical impedance to root
elongation and low water-holding capacity, combined with periods of low
rainfall, cause severe water stress in plants. Soil physical properties affecting
root and shoot growth and subsequent soil management practices include
particle-size distribution, soil strength, water retention, and soil water trans-
mission. The high bulk density of the A2 horizon in many Typic Paleudults
arises from their particle-size distribution and particle arrangement. Under
tillage, the predominant horizons (Ap, A2, and B) are further compacted when
water content is best suited for plant growth. Chiseling soil to a 38-centimeter
(15-inch) depth disrupted the A2 horizon, reduced root impedance, increased
infiltration, and increased rooting depth. Lowering strength of the restricting
layer increased soil-water availability by decreasing the water content at which
the critical strength for root development was encountered. The strength of the
B horizon was less than the limiting value for root growth over a wide range
of water content. Deeper root proliferation enabled plants to extract water
from a larger volume of soil, which minimized plant water stress and increased
yields. During drought, chiseling without irrigation increased crop yields from
38 to 81 percent. Soils with a high-strength A2 horizon can be managed by
using water management practices that keep the surface layers in the low
strength range or by practices that disrupt the restrictive layer and enable root
proliferation in the lower strength subsoil.
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growth is essential in developing soil
and water management guidelines for
crop production. Some of these prop-
erties that relate directly to plant
growth are soil strength, soil-water
retention, and water transmission in
the soil. Here we present some soil
physical properties that affect root
and- shoot development in relation to
deep tillage to improve root develop-
ment and to alleviate, at least partial-
ly, plant water stress in soils with



dense layers in the southeastern
Coastal Plain.

Soil Physical Properties

Southeastern Coastal Plain soils ex-
tend from Virginia to eastern Texas
at elevations of 100 to 500 feet. They
are bounded by the Atlantic and Gulf
flatwoods on the southeast and by the
Piedmont on the northwest. Topog-
raphy is nearly level to moderately
sloping, with slight to moderate ero-
sion.

The area has a warm-temperature
climate and a 200- to 250-day growing
season. Precipitation averages 117 cm
(46 inches) a year; 71 cm (28 inches)
falls during the growing season.
Drought may occur any time.

Soils are primarily Ultisols devel-
oped from unconsolidated sand and
clay sediments. The weak granular,
sandy surface horizon often contains
less than 2 percent organic matter and
generally not more than 3 percent
(11).

Like many soils with an A2 horizon
of pedogenic origin (7) in the south-
eastern Coastal Plains, about 58 per-
cent of the soils in Florence County,
South Carolina, have an A2 horizon
(16). The sand and silt fractions of
this horizon are composed mainly of
quartz and small amounts of other
resistant minerals. The clay fraction
is primarily kaolinite and a small frac-
tion of 2:1 to 2:2 intergrade minerals.
HNluviated B horizons immediately be-
low the A2 horizon often are strongly
to very strongly acid and contain little
organic matter.

Mechanical Composition

Textures of surface horizons in Nor-
folk (Typic Paleudult), Varina (Plin-
thic Paleudult), and related soils usu-
ally are sand, loamy sand, or sandy
loam. The B horizons are predomi-
nantly sandy clay loam for Norfolk
and sandy clay for Varina. Textural
variations of sand, silt, and clay ex-

pressed as the mean percentage and

standard deviation for 10 profiles of
the Norfolk series from Alabama,
Georgia, Mississippi, -South Carolina,
and Virginia (19) are listed below:

Horizon  Sand Silt Clay
Mean % == Standard Deviation
Ap 77T+=5 17%x5 6+ 2
A2 72+7 18x5 10=x 7
B 63+7 178 20+ 10

Similar data from the Sandhill re-
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Figure 1. Water retained at different matric

potential levels for three horizons of a
Varina sandy loam.
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Figure 2. Bulk density for Ap, A2, and B

horizon materials of a Norfolk soil com-
pacted at different initial water contents.
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Figure 3. Probe resistance (soil strength)
related to water content (mass percent)
and bulk density for the surface layer of a
Norfolk soil.

gion and upper Coastal Plain of North
Carolina show that A2 horizons usu-
ally contain less than 10 percent clay

(7).
Soil-Water Retention

Retention and movement of water
in soils are major factors related to
plant water stress. Water received by
the soil from precipitation or irriga-
tion becomes part of a dynamic sys-
tem in which water gradients arising
from gravity and evaporation tend to
equilibrate with forces in the soil
matrix. Available water for plant use
depends on the root system, transpira-
tional demand, and competition among
evaporation, gravity, and other inter-
nal forces. Capillary forces that hold
water in soil pores generally increase
as pore size decreases. Consequently,
more energy is required to remove
water from small pores than from
large pores. The amount of soil water
retained at a given matric potential
(energy of water retention by soil,
usually expressed in bars or atmo-
spheres) is related to the volume of
pores equal to or less than a given
size.

The water-retention curves in figure
1 show the relation between percent
soil water and matric potential values
for the Ap, A2, and B horizons of a
Varina sandy loam. These measure-
ments were obtained from soil cores
equilibrated on porous plates in pres-
sure chambers (20) at matric poten-
tials between —0.01 and —1.0 bar.
They are typical of Paleudults in the
South Carolina Coastal Plain. Nearly
42 percent of the total pore volume in
the Ap horizon of this soil was drained
between —0.01 and —0.1 bar, com-
pared with 17 percent for the more
dense A2 horizon. However, the Ap
and A2 horizons. release nearly the
same amount of water within the mat-
ric potential range of —0.1 to —1.0
bar. Release of water from the B
horizon is more gradual than in the
surface layers within the —0.01- to
—1.0-bar range. Lutz (12) reported
a 46 percent release (expressed as
percent of total porosity) from the B
horizon of a similar soil, compared
with 8.3 percent from the Ap horizon
within the —1.0- to —15.0-bar range.
The surface horizons of these sandy
loam or loamy sand soils release most
of the water at high matric potentials
and relatively little beyond —1.0 bar.
The B horizon release water more uni-
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formly, with a relatively larger pro-
portion released in the range of —1.0
to —15.0 bars.

Water availability to plants is not
determined solely by soil-water reten-
tion characteristics. Root development
and soil-water conduction are influ-
ential factors. -also. Water-retention
curves are used to determine unsatu-
rated conductivity for water flow cal-
culations (10, 15) and for develop-
ment of sound irrigation practices.

Soil Compaction

Compactness as well as soil particle
size influence water retention. Small,
single-grained particles that fill pores
between larger particles increase soil
bulk density.

The A2 horizon of a Norfolk soil
near Florence, South Carolina, con-
tained 78.6, 18.1, and 3.2 percent sand,
silt, and clay, respectively. A com-
parison of these particle-size analyses
with those of Bodman (3) showed
that compaction of the Norfolk A2
horizon very likely would result in a
low void ratio and high bulk density.

Field bulk density values of the
Norfolk soil at Florence averaged 1.50,
1.67, and 1.50 gm/cm3 for the Ap, A2,
and B horizons, respectively. Lutz
(12) reported that the bulk densities
of seven A2 horizons in North Caro-
lina exceeded those of the Ap hori-
zons. In addition, the bulk densities
of the A2 horizons equaled or exceed-
ed those of the B horizons for six of
the seven profiles. Apparently, the
particle-size distribution of the A2
horizon contributes to its natural high
bulk density and compactness.

The degree of seil compaction, de-
termined from the standard Proctor
test (17) at various initial water con-
tents, is presented in figure 2 for the
Ap, A2, and B horizons of a Norfolk
soil. These horizons are readily com-
pacted within the soil water range
best suited for plant growth. The
greatest degree of compaction of the
Ap horizon was at a water content of
11 percent (—0.2 bar), whereas the
A2 horizon compacted to the highest
bulk density at a water content of 8
percent (—0.4 bar). The B horizon
was most readily compacted at a wa-
ter content of 13 percent (—1.0 bar).

Soil Strength

Physical impedance to root growth
‘depends on the type of soil, bulk den-
sity, and water content (I, 22). Al-
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b
Figure 4. The influence of chiseling on in-
filtration: (a) shallow-tilled and (b) deep-
tilled (chiseled). Note ponded water on the
shallow-tifled plot after a heavy rain.

5 —@— SHALLOW TILLED
S —m— DEEP TILLED
v 0.5
z 2
& o0 '/ 4:'———.———.\‘ .
- f [y
=z 4 . Ne—-e
U} \\
9-0.5- s
3 N\
|
S~
°<=-1.o "
a
>
x 2 z . s . A
20 25 30 5 10 15

MAY JUNE

Figure 5. Hydraulic gradient during a dry-
ing cycle in shallow-tilled and deep-tilled
(chiseled) soil shown as a function of time
at the 107-cm (42-inch) depth in a field of
millet. Arrows indicate direction of flow.
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Figure 6. Probe resistance (soil strength)
—water content relationship for different
horizons of a Varina sandy loam. The
dashed line indicates probe resistance that
restricts root growth. Numbers on curves
indicate matric potential in bars.

though impedance at the growing tip
of a root is difficult to measure, soil
probes offer a means of characterizing
soil strength in terms of probe resist-
ance (force per unit area).

The family of curves relating bulk
density and water content to probe
resistance in figure 3 was obtained on
undisturbed cores collected in the
field and equilibrated after wetting
in pressure chambers over a range of
—0.1 to 20 bars matric potential.
Penetration resistance was then mea-
sured with a blunt 5-mm-diameter
probe and used as an index of soil
strength.

Probe resistance increased with in-
creasing bulk density but decreased
with increasing water content. Taylor
and associates (23) found, and we
have since verified, that root growth
is sharply impeded when soil strength
exceeds 20 kg/cm2. In figure 3, the
horizontal dotted line represents the
level of strength at which root elonga-
tion is severely suppressed. As bulk
density increases, the soil water con-
tent necessary to maintain strength at
or lower than 20 kg/cm? also in-
creases. For example, the Norfolk soil
with a bulk density of 1.68 g/cm3
must be wetter than 11 percent water
(mass basis) or a matric potential
greater than —0.12 bar for the soil
strength to be less than the critical 20
kg/cm2. At a bulk density of 147
g/cm3, the soil can dry to about 7
percent water or a matric potential
of —0.80 bar before the critical soil
strength is attained. These data dem-
onstrate how soil strength, measured
with soil probes, varies with bulk den-
sity and water content in a soil with
a fixed particle-size distribution.

Effects of Chiseling Paleudults
Infiltration

In areas where rainfall during the
cropping season occurs as high-inten-
sity storms, soil management practices
that increase infiltration will necessar-
ily decrease the amount of runoff and
erosion. In our work, the soil contain-
ing a compact A2 layer at the 18- to
30-cm (7- to 12-inch) depth was chis-
eled every 25 cm (10 inches) to a
depth of 38 cm (15 inches) to modify
surface and subsurface conditions.

Figure 4 shows the influence of chis-
eling on the amount of water ponded
on the soil surface 12 hours after a
3-day rainy period in which precipi-
tation totaled 19 cm (7.5 inches).
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Higher infiltration in the chiseled plot
was partially attributed to a lower
density in the A2 horizon. The tex-
tural differences of the layers within
the profile impart flow properties that
apparently decreased the flow rate
through the soil and, hence, the infil-
tration rate. Miller (14) showed that
a layer of distinctly different physical
properties can decrease the rate of
water movement through the profile.
This change in flow rate, whether due
to a layer with a different texture or a
change in saturated conductivity, in-
creases the water in the surface layer,
decreases the infiltration rate, and can
result in poor soil aeration. Tobacco
shows symptoms of oxygen stress with-
in 12 hours after flooding due to heavy
rainfall on Paleudults (4). Aggregate
stability of the surface layer and type
of surface cover further compound
interpretation of infiltration rates (2).

Hydraulic Gradient

Figure 5 illustrates the effect of chis-
eling on water movement in the soil
profile during a drying cycle for mil-
let. This graph shows the hydraulic
gradient at the 107-cm (42-inch)
depth as a function of time during
drying. When the gradient is positive,
water moves below the 42-inch depth.
When the gradient is negative, water
moves upward to the soil surface with-
in the root zone. The direction of flow
at the 42-inch depth changed from
downward to upward about 10 days
earlier in chiseled soil than in shallow-
tilled soil. This suggests a more ex-
tensive root system in the deep-tilled
soil. The additional water extracted
from the subsoil of the deep-tilled soil
was related to increased vegetative
millet yield.

Strength of Deep-tilled
versus Shallow-tilled Soils

Particle size, bulk density, and wa-
ter content of the A2 horizon directly
influence soil strength. After a field
soil settles, little or no change in par-
ticle-size distribution and bulk density
occurs; therefore, soil strength be-
comes essentially a function of water
content.

" Results of an investigation of the
soil strength-water content relation-
ship of a Varina sandy loam for the
Ap, A2, and B horizons in a shallow-
tilled soil and at the corresponding
depth of the A2 horizon in a deep-
tilled soil are presented in figure 6.
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Figure 7. Rooting in a shallow-tilled (left) and deep-tilled (chiseled) soil.
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deep-tilled soil penetrated to 30 inches. Roots in the shallow-tilled soil were confined to
the plow layer above the restricting A2 layer of a Varina sandy loam. ‘

In general, probe resistance increased
as water content decreased. The water
content at the limiting resistance for
the nontilled A2, chiseled A2, and
plowed Ap soil was 22, 17, and 10
percent, respectively. The order of
decreasing resistance at the same wa-
ter content was A2 nontilled, A2 chis-
eled, and Ap plowed, respectively.
Probe resistance of the B horizon was
less than 15 kg/cm? at 21 percent wa-
ter content (—2.0 bars), and resistance
to root growth was only moderate.

Although several factors influence
soil strength, the relation of probe re-
sistance to matric potential, at which
root growth is limited, often can be
useful. Matric potential values (Fig-
ure 6) corresponding to a probe re-
sistance of 20 kg/cm? were —0.40,
—0.23, and —0.12 bar for the Ap
plowed, A2 chiseled, and A2 nontilled,
respectively. These data indicate that
soil strength may limit root develop-
ment long before water available to
plants is extracted. When root elon-
gation is limited by high strength, the
water needed to meet plant transpira-
tion demands depends on soil water
flow processes. These processes gen-
erally are too slow to meet plant
needs:.

Paleudults with A2 horizons that
restrict root growth can be managed
by using water management practices

that resupply water to the surface
layer or by using tillage practices
that physically disrupt the restricting
layer to allow root development in the
lower strength B horizon.

Root Growth

In our study of the influence of chis-
eling on rooting patterns of corn grow-
ing in a Varina sandy loam, soil mono-
liths 76 cm (30 inches) high, 61 cm
(24 inches) wide, and 15 cm (6
inches ) thick were used to assess root
distribution.

The partially washed monolith in
figure 7 (on the left) shows that most
roots were confined to the Ap horizon
in the shallow-tilled soil. When the
A2 horizon of the monolith was re-
moved by washing, exposed root
growth appeared to be confined to the
Ap layer on the top of the A2 horizon.
There were essentially no roots in the
subsoil. The other monolith in figure
7, taken from a chiseled plot, showed
many roots present in the subsoil to a
depth of 76 cm (30 inches). This
increased root proliferation let plants
extract water from a larger volume of
soil, thereby minimizing plant water
stress and increasing corn yields.

Crop Response

The influence of chiseling on the
vegetative yield of millet with and
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without irrigation during the 1970
growing -season is shown in figure 8.
With irrigation, chiseling did not ap-
preciably increase yields over non-
chiseling. However, in the early part
of the growing season, with inade-
quate rainfall, chiseling without irri-
gation resulted in yield increases that
ranged from 38 to 81 percent more
than that of nonchiseled, nonirrigated
millet. From mid-July to the end of
the season, because of frequent rain-
fall, chiseling had no beneficial effect.
Increased millet yields during drought
in chiseled soil was attributed to in-
creased soil water availability due to
deeper rooting. Chiseling thus seemed
as beneficial as irrigation during short-
term drought.

Beneficial effects of chiseling de-
crease with duration of drought be-
cause of the subsoil’s low water-hold-
ing capacity. Data in figure 8§ show
an 81 percent yield increase for the
chiseled treatment over the nonchis-
eled treatment for the first cutting and
a 40 percent yield increase for the
second and third cuttings during an
extended drought.

Management Concepts

Although deep plowing, chiseling,
subsoiling, and soil modification en-
courage deep root development, they
are no panacea for all crop production
problems. Because crop production
depends upon soil, climate, and many
other factors (5, 21), their interde-
pendence is important in applying till-
age to cropping practices. Deep till-
age generally is effective when the
soil’s physical and chemical properties
restrict rooting in regions where rain-
fall is limited or poorly distributed.
Deep plowing has successfully re-
claimed certain types of sodic soils
(18). In a Pullman silty clay in Texas,
deep disk plowing increased infiltra-
tion, but the sorghum yield increased
in only 1 of 3 years (8). In Freeman
silt loam in Washington, deep plowing
with natural precipitation resulted in
a higher water content, greater root
proliferation, and consistent increases
in pea, wheat, and alfalfa yields (13).
Heilman and Gonzalez (9) tested nar-
row, backfilled trenches (10 em wide
by 61 and 102 ¢cm deep) in a very fine
montmorillonitic clay as a manage-
ment technique to increase rooting
depth and volume. They found in-
creased cotton yields, higher infiltra-
tion rates, lower bulk densities, and
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greater rooting volumes. This proce-
dure may be applicable on Coastal
Plain soils with compact layers in the
root zone. Mixing the Ap, A2, and
portions of the B horizon in narrow
trenches 10 to 15 cm wide under the
plant row may enhance deeper rooting
and increase water use. Another alter-
native is relocating the three horizons
to achieve rooting in the more fertile
surface soil and using the less desir-
able soil for traffic.

Our experiments and those by Ford
and his colleagues (6) clearly demon-
strate that both rainfall distribution
and soil properties must be recognized
in developing management practices
to effectively use soil and water re-
sources in the Coastal Plains. In areas
where the soil’s water-holding capac-
ity is low and compact layers restrict
deep root development, deep tillage
and/or soil modification can benefit
many crops. Increased rooting by
deep tillage may only partially relieve
drought stress, however, because the
effectiveness of deep tillage depends
largely on the duration of drought.
For this reason, deep tillage of certain
soils should be considered an inter-
mediate alternative in the absence of
irrigation.
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